Abstract: The SAMP1/Sku mouse is a substrain of the SAMP1 (senescence-acceleratedmouse prone 1) which exhibits renal mononuclear cell infiltration from a younger age. We hypothesized that this renal characteristic is related to the incidence of tubulointerstitial nephritis (TIN). The purpose of the present study was to evaluate the applicability of the SAMP1/Sku mouse as a murine model for TIN. TIN was experimentally induced by unilateral ureteral obstruction (UUO
Introduction
It is now widely accepted that the rate of renal function deterioration strongly correlates with the degree of tubulointerstitial nephritis (TIN) [2, 8, 30] . TIN is one of the common histopathological features of progressive renal disease of diverse etiology [9, 12, 20, 27, 31] , and its lesions consist of mononuclear cell infiltration, tubular atrophy and interstitial fibrosis [12] . Unilateral ureteral obstruction (UUO) is a well-estab-lished experimental method for inducing progressive TIN [13, 15, 24] , and UUO in rats and mice produces tubulointerstitial inflammation and fibrosis, which appears to mirror the human condition produced by obstructive uropathy [10, 17] . The molecular and cellular mechanisms of TIN in the UUO kidney have been investigated and the involvement of various vasoactive agents, cytokines, chemokines and growth factors has been elucidated [14, 22] .
The senescence-accelerated-mouse prone 1 (SAMP1) is a model of accelerated senility [25, 26] . The SAMP1/ Sku (previously called SAMP1//Ka) strain is a subline of the SAMP1, and we recently reported interesting biological and pathological characteristics of this strain [32] . Briefly, this mouse strain exhibits a long life span despite the misleading strain name, and their kidneys exhibit progressive mononuclear cell infiltration from a younger age (3-4 months old in the present study). Since mononuclear cell infiltration is a histopathological feature of TIN and is recognized as a key event for the development and progression of TIN [5, 10, 22, 23] , we hypothesized that SAMP1/Sku congenitally possesses the risk factors for progressive TIN. However, no direct or related evidence has been reported to date.
In the present study, to evaluate the utility of SAMP1/ Sku as a murine model for TIN, the progression of TIN after UUO was histopathologically, immunochemically and semiquantitatively compared between the SAMP1/ Sku and an ordinal strain of mouse.
Materials and Methods
Animals: SAMP1/Sku and Jcl:ICR mice of both sexes were separated into the UUO group (n=5 for SAMP1/Sku of each sex, n=4 for ICR of each sex) and the sham-operation group (n=3 for each group). All mice were maintained in a one-way airflow system room (temperature 22 ± 1°C; humidity 55 ± 10%; light period 07:00-19:00; ventilation 12 cycles/h) in the division of Laboratory Animal Science, Research Center for Life Science Resources, Kagoshima University. The present study was performed in accordance with the Guidelines for Animal Experimentation of Kagoshima University, Japan. The operation was performed under an anesthesia mixture of ketamine and medetomidine. UUO mice underwent left proximal ureter ligation. In the shamoperation, left ureters were exposed but not ligated. To avoid infection, enrofloxacin (5 mg/kg) was administered intraperitoneally before the peritoneum was sutured. All mice underwent the UUO or sham operation at 3 months of age and were sacrificed by exsanguination of the carotid artery under anesthesia using a mixture of ketamine and medetomidine on day 7 after the operation. Kidneys were quickly removed.
Tissue preparation: Central slices from the kidneys, including the hilum, were cut perpendicular to the long axis and fixed in Zamboni's solution for 2 days at 4°C. After routine embedding in paraffin, 3-µm-thick sections were cut every 30 µm and stained with hematoxylin and eosin, periodic acid Schiff (PAS), periodic acid silvermethenamine or Masson's trichrome (MT) stains.
Immunohistochemistry was performed for detection of F4/80 as a macrophage marker, α-smooth muscle actin (SMA) and transforming growth factor (TGF)-β1. Deparaffinized sections were incubated with 3% H 2 O 2 to inhibit the endogenous peroxidase activity and then incubated with 1.5% (V/V) normal goat serum to reduce the non-specific reactions. For detection of α-SMA, sections were incubated with mouse anti-α-SMA monoclonal antibody (EPOS, peroxidase-conjugated; Dako Cytomation Co. Ltd., Glostrup, Denmark) for 60 min at room temperature (20-25°C). For detection of F4/80, sections were incubated with biotinylated rat antimouse F4/80 (Caltag Laboratories, Burlingame, CA, USA) overnight at 4°C and then incubated with peroxidase-conjugated avidin-biotin complex (ABC; VECTASTAIN Elite ABC Kit, Vector Laboratories, Inc., Burlingame, CA, USA) for 30 min. For detection of TGF-β1, sections were incubated with rabbit anti-TGF-β1 polyclonal antibody (Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA) at 4°C overnight and then incubated with biotinylated goat anti-rabbit IgG polyclonal antibody (Vector Laboratories) for 30 min before the incubation with ABC solution. Immunoreactivity was detected with 0.025% (W/V) 3,3'-diaminobenzidine-0.003% H 2 O 2 solution. After stopping the reaction in distilled water, sections were counterstained with hematoxylin.
Semiquantitative morphometry: All sections were analyzed at random and the observer was blind with regard to the group. To objectively estimate the tubulointerstitial damage, the degree of mononuclear cell infiltration and tubular atrophy in the PAS sections, and interstitial fibrosis in the MT sections were semiquantitatively analyzed. A grade from 0 (normal) to +4 (severe) was determined for at least 20 nonoverlapping fields (at × 200 magnification) for each parameter, and the injury score for each parameter was calculated according to a previously reported formula [21] . Briefly, if three of the 20 fields displayed a lesion of +1, five of 20 displayed a lesion of +2, and two of 20 displayed a lesion of +3, the final injury score would be:
To estimate the expression of F4/80, α-SMA and TGF-β1, sections were observed at × 400 magnification and expression scores were determined for each protein by the manner described above.
Blood biochemistry: Blood samples were collected i n s a m p l i n g t u b e s c o n t a i n i n g 1 m g o f ethylenediaminetetraacetic acid (EDTA-2Na) and 1,000 units of the kallikrein inhibitor aprotinin (Bayer Inc., Leverkusen, Germany). Plasma was obtained by centrifugation (4,000 r.p.m for 10 min at 4°C) and stored at -20°C until use. Plasma concentrations of creatinine and blood urea nitrogen (BUN) were measured using a spectrophotometer (U-1500; Hitachi Inc., Tokyo, Japan) according to Jaffe's method using a creatinine test kit (Wako Pure Chemical Ltd., Osaka, Japan) and the urease-indophenol method using a nitrogen-B test kit (Wako Pure Chemical), respectively.
Statistical analysis: Results were regrouped and expressed as the mean ± standard error (S.E.), and analyzed statistically using the Student's t-test. Statistical significance was defined as P<0.05.
Results
Blood biochemistry: In SAMP1/Sku mice of both sexes, plasma BUN concentrations were significantly higher in the UUO groups than in the sham operation groups (Fig. 1a) . In male SAMP1/Sku, plasma creatinine concentrations were also higher in the UUO group than in the sham operation group, but no significant changes were detected in female SAMP1/Sku mice after UUO (Fig. 1b) . In ICR mice of both sexes, no significant changes were detected in plasma BUN and creatinine concentrations after UUO.
Histopathology: The kidneys of SAMP1/Sku mice that underwent the sham operation (sham-kidneys) showed mild mononuclear cell infiltration around the interlobar or arcuate vessels. Although this mild infiltration was also observed in the kidneys contralateral to the ureteral obstruction (cont-kidneys), the degree of infiltration was similar to that of sham-kidneys. In ICR mice, no lesions were observed in the sham-and cont-kidneys.
Typical TIN lesions were observed in all kidneys that underwent ureteral obstruction (UUO-kidneys) (Fig.  2) . Mononuclear cell infiltration was diffusely observed in the interstitium and was especially remarkable around the vessels. Uriniferous tubules from the proximal to collecting segments showed atrophic changes with a wrinkled thickening of the basement membrane, vacuolar or granular degeneration and urinary casts. Interstitial fibrosis was observed from the cortex to the medulla, and was especially severe in the medulla. Figure 3 shows the injury scores of mononuclear cell infiltration, tubular atrophy and interstitial fibrosis. These three parameters exhibited elevated scores after UUO in male and female SAMP1/Sku and ICR mice. The cell infiltration score for UUO-kidneys in male SAMP1/Sku was significantly higher than that in male ICR (Fig. 3a) . In females, no significant strain difference was detected in this parameter. The tubular atrophy score for SAMP1/Sku mice was significantly higher than that for ICR mice of either sex (Fig. 3b) . No strain differences were detected for either sex in interstitial fibrosis (Fig. 3c) .
Immunohistochemistry: F4/80 positive cells were rarely detected in the cortical interstitium of sham-and cont-kidneys of SAMP1/Sku and ICR mice. No positive reactions were detected in the few infiltrated cells found in the sham-and cont-kidneys of SAMP1/Sku. In UUO-kidneys, the number of F4/80 positive cells clearly increased in the cortical interstitium of both strains. The increase in positive cells after UUO was apparently greater in SAMP1/Sku than that in ICR mice (Figs. 4a and b) . These strain differences were confirmed semiquantitatively for each sex. F4/80 expression scores in UUO-kidneys were significantly higher in SAMP1/Sku than in ICR (Fig. 4c) .
α-SMA positive cells were commonly detected in blood vessel walls in sham-and cont-kidneys of both SAMP1/Sku and ICR mice. In UUO-kidneys, the number of α-SMA positive cells clearly increased in the cortical and medullar interstitium, and this change was especially severe in male SAMP1/Sku (Figs. 5a and b) . Semiquantitative analysis detected the highest α-SMA expression score in the UUO-kidneys of male SAMP1/ Sku mice, and the score was significantly different from that of male ICR mice (Fig. 5c) .
TGF-β1 positive immunoreactions were rarely detected in sham-and cont-kidneys of SAMP1/Sku and ICR mice. In the UUO-kidneys, positive reactions were clearly detected in the apical portion of tubular epithelium, especially in the cortical tubules. Such positive reactions in the tubules were remarkable in the UUOkidneys of male SAMP1/Sku (Figs. 6a and b) . Semiquantitative analysis detected the highest TGF-β1 expression score in the UUO-kidneys of male SAMP1/ Sku, mice and the score was significantly higher than that in male ICR mice (Fig. 6c) . 
Discussion
The SAMP1 was originally derived from the AKR/J strain of mouse [25, 26] . However, we used ICR mice as the healthy control in the present study, because spontaneous incidence of leukemia is well known in AKR mice [4] .
No renal functional disorders could be diagnosed from plasma BUN and creatinine concentrations in UUO mice. We determined that these clinically normal conditions were caused by a compensatory increase in cont-kidney functions. However, a statistically significant increase in plasma BUN or creatinine concentration after UUO was found in SAMP1/Sku but not in ICR mice. Therefore, we suggest that functional deterioration of UUO-kidney in SAMP1/Sku mice is serious and cont-kidney function does not completely compensate for the damage.
Mononuclear cell infiltration is an important event in the pathogenesis of TIN [5, 10, 22, 23] . Infiltrated inflammatory cells cause tubular injury via production of cytokines such as interleukin-1 and tumor necrosis factor-α [22, 28] , then injured tubules cause more infiltration of macrophages and T-lymphocytes via production of chemokines such as monocyte chemoattractant peptide-1, osteopontin and intercellular adhesion molecules-1 [5, 29] . We recently reported that progressive mononuclear cell infiltration into the kidneys of SAMP1/Sku mice begins at 4 months old [32] . In the present study, we hypothesized that this model mouse congenitally possesses the risk factors of progressive TIN and severe TIN damage could be induced after UUO. The present findings demonstrate that infiltration of mononuclear cells, including F4/80-positive macrophages, and tubular injury after UUO were more severe in SAMP1/Sku than in ICR. The findings in male SAMP1/Sku mice were as expected. Briefly, semiquantitative scores of mononuclear infiltration, tubular atrophy and F4/80 expression in UUO kidneys were significantly higher in male SAMP1/Sku than in male ICR mice.
Myofibroblasts are cells that share characteristics with fibroblasts and smooth muscle cells, and play an important role in wound contraction and healing [6] . However, myofibroblasts have also been implicated in the pathogenesis of tissue fibrosis and scarring [6] . Myofibroblasts play a major role in renal scarring and actively produce extracellular matrix molecules such as collagen types I, III and IV [6, 10] . Cytoskeletal proteins such as α-SMA, desmin and vimentin are often expressed in myofibroblasts [18] , and in particular, α-SMA is considered a good marker for these cells [7] . The importance of tubular epithelial cells as the origin of myofibroblasts has been reported recently [1, 16] . TGF-β1 is a cytokine that plays a central role in tubular epithelial-myofibroblast transdifferentiation (TEMT). This cytokine is expressed in the damaged tubular cells or infiltrated macrophages and upregulates the TEMT via their receptor and intercellular Smad protein [1, 3, 16] . An increase in α-SMA-positive myofibroblasts and overexpression of TGF-β1 have been demonstrated previously in the UUO-kidney of experimentally induced UUO mice [11, 19] . In the present study, UUO-kidneys of male SAMP1/Sku were expected to exhibit strong immunoreactivity for α-SMA and TGF-β1 because the most severe histopathological TIN damage under UUO was shown in male SAMP1/Sku. As a result, the increase in α-SMA-positive myofibroblasts after UUO was especially prominent in male SAMP1/Sku mice. Immunoreaction for TGF-β1 was clearly detected in the tubular epithelium in the UUO-kidneys, and its expression was also prominent in the male SAMP1/ Sku. Therefore, in UUO cases, rapid progression of TGF-β1 mediated TEMT was demonstrated in the male SAMP1/Sku mice.
In conclusion, we performed UUO operations on SAMP1/Sku and control ICR mice, and seven days after the operation tubulointerstitial changes were compared histopathologically, immunohistochemically and semiquantitatively. Well-known pathological events of progressive TIN, involving infiltration of mononuclear cells including F4/80-positive macrophages, tubular atrophy and TGF-β1 mediated TEMT, were induced in the SAMP1/Sku as well as in the ICR mice. However, the TIN damage in SAMP1/Sku was more severe than in ICR mice, especially in male SAMP1/ Sku. Therefore, our present findings suggest that SAMP1/Sku mice, especially male SAMP1/Sku, have congenital risk factors for the development and progression of TIN and are a murine model for clarifying the pathogenesis of this disease.
